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This paper presents a brief synopsis of work on relationships between mammalian tooth form and function, and considers the role of dental
wear in studies of mammal teeth. Mammalian teeth function both as guides for chewing and as tools for initiating and propagating cracks through
food items. They tend to vary in form and structure with the mechanical properties of foods a species has evolved to eat; and we can learn a lot
about relationships between teeth and diet by comparing species. One area of special interest is tooth wear. Dental structure and chemistry
combine in ways that lead wear to sculpt occlusal surfaces so a tooth can develop or maintain its functional efﬁciency. Dental wear, especially
that on microscopic scales, can also serve as a proxy for diet in fossil species, as speciﬁc types of food leave distinctive patterns.
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Tooth crowns are important biosurfaces that receive con-
siderable attention from biotribologists. Most focus on human
teeth, given clinical implications of tooth wear and failure [1].
But Homo sapiens is just one of tens of thousands of vertebrate
species with teeth, and one of hundreds of thousands of animal
species that have hardened structures in or around the oral
cavity used in food acquisition and processing [2]. We can
learn a lot about dental biotribology by extending our studies
to the teeth of other species, especially other mammals.
Mammalian teeth are like natural experiments wherein dental
form, structure, and function are varied [3]. They allow us to
explore basic principles about how teeth work, and to discover
alternative solutions to the fundamental challenges that they
face – acquiring and processing foods without being broken or
worn away in the process. The study of mammalian teeth is
important both for “pure science” reasons (e.g., understanding
how nature works and what animals in the past ate), and for
applied ones (e.g., the development of bio-inspired designs).
This paper presents a brief synopsis of some studies of
mammalian tooth form, function, and wear. It is not a compre-
hensive review – the literature is far too vast for that. Rather, it
offers a starting point to touch on some of the major issues, so that
those interested in the subject can begin to organize this massive
body of work.2. Dental function
Before we can consider how mammalian teeth wear, we
need to understand how they work. Researchers have recog-
nized for centuries that teeth function on two different levels.
Cuvier [4] knew it two centuries ago when he described
ungulate teeth as ﬂat to allow horizontal motions, but with
alternating bands of enamel and dentin for grinding vegetation.
On one level, mammalian cheek teeth are guides for chewing.
Crown shape can limit masticatory movements as opposing
teeth come into and out of contact. On a ﬁner level, they are
tools for fracturing objects, and the form of the occlusal
surface itself should reﬂect speciﬁc tooth–food interactions.
These levels correspond roughly to Butler's [5] “internal” and
“external” environments, or to Evans and Sanson's [6]
“geometry of occlusion” and “geometry of function” respec-
tively. We can consider each of these separately.Fig. 1. Chewing directions and tooth shapes. Top: the multituberculate
Ptilodus (upper and lower teeth occlusal view on left, side view on right).
Other images: idealized cheek teeth (left) and upper and lower molars (right) of
a camel (with lateral grinding motion); a raccoon (with vertical crushing
motion); a lion (with vertical shear motion). Ptilodus modiﬁed from Osborn
[198]. Other tooth images modiﬁed from Giebel [199].2.1. Teeth as guides for chewing
The idea that tooth shape relates to the mechanics of
chewing dates back at least to Ryder's [7] work in the 19thCentury, but the concept as we know it today was developed
largely by George Gaylord Simpson early in the 20th Century.
2.1.1. Tooth shape and facets as indicators
Simpson [8] was most interested in paleobiology, which he
deﬁned as “an attempt to consider a very ancient and long
extinct group of mammals not as bits of broken bone but as
ﬂesh and blood beings”. And much of his early work focused
reconstructing how early mammals chewed by examining the
shapes of fossil teeth and the directions of scratches on their
wear facets. His earliest study on the subject focused on
multituberculates, an enigmatic but very successful group of
fossil mammals that lived between about 165 and 35 million
years ago [9]. Multituberculate cheek teeth have two or three
rows of up to eight cusps each, arranged front to back (Fig. 1).
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occlusion, and that lower ones slid against uppers, back-to-
front, during chewing. He reasoned that this would have been a
very effective tool for milling tough vegetation.
Simpson expanded his study to include more mammals over the
course of the next few years, and established the basic model for
relationships between tooth form and chewing [10]. This model
involved two types of masticatory movement, horizontal and
vertical, and two types of tooth crown structure, opposing crests,
and cusps ﬁt into basins. He combined chewing motions and
occlusal features to deﬁne three types of food processing: (1)
shearing, wherein opposing crests slide past one another with
vertical jaw movements; (2) opposition (now called crushing),
wherein cusps are pressed into basins with vertical movements; and
(3) grinding, wherein cusps slide across basins with horizontal
movements. And Simpson was able to reconstruct food processing
methods used by fossil species by combining studies of tooth
shape, facet pattern, and wear scratch direction. Truth be told, the
model was actually somewhat more complicated than this, but the
take-home message was clear – teeth are basically guides for
chewing (Fig. 1).
Simpson and his contemporaries spent much of the middle
20th Century matching wear facets on opposing fossil teeth to
determine how they ﬁt together, and examining the orienta-
tions of scratches on them to deduce the directions of tooth–
tooth movement. A debate between Percy Butler and James
Mills gives us some insight into dental research at the time,
and how wear facets were used to better understand the
mechanics of mastication. Butler [11] believed most mammals
chew on one side at a time, with no contact between opposing
teeth on the opposite side. Mills [12] agreed that mammals
chew on one side; but he thought that there was contact
between uppers and lowers on the opposite side for balanced
stresses along the dental arch. Both Butler and Mills looked to
tooth wear facets to support their arguments. Mammalian
molars have separate wear facets on the buccal and lingual
sides of their occlusal surfaces. Butler argued that both facet
types formed as opposing teeth on the “working side” came
together (he called these “Phase I”) and separated (he called
these “Phase II”) during chewing. Mills, on the other hand,
believed that the two facet types formed from different
processes – Butler's “Phase I” from chewing on the working
side, and his “Phase II” from tooth–tooth contact on the
balancing side (Butler's Phase II).
While such subtleties may not seem particularly important to
the average dental biotribologist today, they are essential to
paleontologists interested in chewing and how tooth move-
ments might be inferred from dental wear. Butler and Mills
had different ideas about how chewing worked, and interpreted
facets on teeth differently as a result. It was clear by the 1960s
that researchers needed a better understanding of how teeth
actually ﬁt together and move during mastication. The obvious
solution was to watch living animals eat.
2.1.2. Observation of mastication
Crompton and Hiiemae [13,14] applied cineradiography
to the problem. They chose opossums to study because theircheek teeth resemble those of ancestral therian mammals (early
marsupials and placentals), and therefore offer an excellent
basis for relating conservative mammalian tooth shape to jaw
movements. The opossum has tribosphenic molars, the gen-
eralized, primitive form from which today's specialized mam-
malian molar teeth evolved [15,16]. Tribosphenic molars have
oblique crests running buccolingually across the crown, but
also a lingual cusp, the protocone, on the upper molar that ﬁts
into a recess, the talonid basin, enclosed by cusps on the back
end of the lower molar. This combination of features makes for
a great general purpose tool that can crush, grind, and shear
food. And cineradiographic study conﬁrmed that opossums
process food by ﬁrst puncture–crushing with pointed cusp tips,
then slicing between crests connecting those cusps. As an
added bonus, Crompton and Hiiemae demonstrated that
opossums chew on one side at a time with no contact between
opposing teeth on the other side of the mouth. So Butler was
right, and Mills was wrong.
2.1.3. The tribosphenic molar and tooth–tooth movements
We can trace the evolution of today's mammalian molar
teeth from the basic tribosphenic form, such as that seen in
opossums (Fig. 2). Carnivores as a rule have simpler teeth.
Cats and dogs, for example, have buccolingually compressed
upper and lower crowns dominated by reciprocally “V-shaped”
crests running the length of the tooth front-to-back. Opposing
carnassials (the last upper premolar and ﬁrst lower molar) have
reduced or lost their crushing platforms. Their blades shear
past one another to form a shrinking diamond with food
between them trapped and sliced without spreading. The
system works much like a guillotine, with little side-to-side
movement during chewing. This is ﬁne if the goal is to divide
chunks of meat into bits small enough to swallow. But as
Crompton and Hiiemae [17] have noted, give a dog a blade of
grass to grind up, and it becomes a very different story.
Herbivores evolved differently. Their teeth function to
rupture cell walls to release nutrients that would otherwise
pass through the gut undigested, and to fragment tough, ﬁbrous
plant parts to increase surface area available for digestive
enzymes to act on [18–21]. Herbivores often have more
square-shaped teeth with broad but complex biting surfaces –
planes cut by rows of low crests or ridges connecting small
cusps [22]. Vegetation is ground or milled between opposing
teeth when lowers slide along uppers in the direction opposite
the orientation of the crests. For cows and sheep, those crests
run anteroposteriorly, and horizontal movement during masti-
cation is buccolingual. For many rodents, crests run buccolin-
gually, and the horizontal movement is posterior to anterior, or
propalinal (Fig. 2).
In fact, the relationships between tooth form, masticatory
movements, and diet do hold up reasonably well when comparing
related species (Fig. 2). For example, bats that consume tough
insects have longer shearing crests, whereas those that eat pulpy
fruits have larger crushing and grinding surfaces [23]. Likewise,
omnivorous bears and the raccoon have larger crushing surfaces
on their cheek teeth whereas carnivorous cats have larger shearing
areas [24,25]. And among bears, the bamboo-eating panda has
Fig. 2. Upper (left) and lower (right) cheek teeth of an opossum, a wolf, and a
horse showing the evolution from the tribosphenic form. Also compare crest
direction of the lower cheek teeth of a camel and paka rodent, and compare
lower cheek tooth form of the carnivorous wolverine to the closely-related
shell-crushing sea otter and the insectivorous serotine bat to the fruit-eating
ﬂying fox. All images modiﬁed from Giebel [199] except the wolverine and
sea otter, which are modiﬁed from Owen [200].
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longer shearing crests [26]. Finally, compare the cheek teeth of
the shell-cracking sea otter, which has large crushing basins, to
those of the carnivorous wolverine, which has more shear surface
[27,28]. Examples abound in the literature.2.1.4. Biomechanics of chewing
One ﬁnal but important point regarding dental form in the
context of chewing is that teeth cannot break down food
without being brought into opposition in very speciﬁc ways.
We know today that the whole process is incredibly complex.
Mastication involves many different elements above and
beyond the teeth – neural control over movements and sensory
feedback, the size, attachments, and actions of the muscles of
mastication, tongue, and cheek, the external and internal
architecture of the jaw, the temporomandibular joint, and
supporting hard and soft tissues. Chewing must be coordinatedwith lubrication by saliva, placement and retention of items
between the teeth, and ultimately, swallowing. These elements
all act together in symphony and synergy to accomplish food
breakdown [21,29,30], and they are all important for under-
standing the context in which teeth function and wear.
A great deal of effort has focused on documenting the
movements of teeth during mastication. These movements are
especially important for understanding dental biotribology.
The masticatory sequence is comprised of a series of chewing
cycles. Many divide each cycle into three strokes: preparatory,
power, and recovery. The preparatory and recovery strokes
raise and lower the jaw respectively before and after tooth–
food contact. The power stroke is the one involving the
application of force to food between the teeth. This stroke is
itself divided into two parts, Butler's “Phase I” prior to centric
occlusion, and “Phase II” after [11,31] (see Fig. 1). The basic
idea has been that “Phase I” is more about shearing as
opposing surfaces slide past one another, whereas “Phase II”
is more about crushing or grinding as cusp tips move across
opposing basins. The importance of “Phase II” to mastication
has been brought into question, however, because there is
minimal muscle activity or jawbone strain after centric occlu-
sion, at least for some primates [32,33]. Small or lacking
“Phase II” facets in some ungulates is also consistent with this
observation [34].
2.2. Teeth as tools for food fracture
Tooth shape and masticatory movements are inextricably
entangled in the literature. Just think of the terms “shearing
crest”, “crushing basin”, etc. Simpson's legacy is clear. For
many researchers, chewing depends on the way teeth ﬁt
together, and tooth shape is largely about masticatory move-
ments. Hiiemae [35] wrote, for example, that teeth are “an
essentially passive element in the active masticatory apparatus
and are dependent the movements of the mandible for their
functional interactions.”
But teeth are more than passive players in the game of food
oral processing; and it is not enough to consider them merely
as guides for chewing. Lucas [21] prefers to think of teeth as
complex tools “designed” by nature to accomplish fracture.
The logic behind this is that biological structures should evolve
to maximize the efﬁciency with which they perform their
functions [36]. In the case of teeth, Lucas argues, that function
is generating and propagating cracks through food items. As
such, we cannot really understand how teeth work without
considering how foods fracture. To get there, though, we need
some basic common terminology. Dental functional morphol-
ogists often use a different set of terms than typically used by
materials scientists, and these need to be deﬁned to avoid
confusion. For example, dental functional morphologists often
use the terms hardness and toughness to describe the resistance
of a material to the initiation and spread of a crack respectively.
These resistances correspond to the stress- and displacement-
limited defenses described by Lucas and his colleagues [37].
These are the essential challenges that mammalian teeth must
overcome.
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food item to the point that the stress required to initiate fracture
exceeds the eater's ability to generate, or itself withstand, that
stress. The hardness of a plant part is determined largely by
characteristics of the cell wall [38]. A seed shell, for example,
is hardened by thickening that wall. Mineralized tissues of
invertebrates (shells) and vertebrates (bones) can also be quite
hard. Size matters too, as a smaller item can have fewer
imperfections of a given size, e.g., Grifﬁth's ﬂaws, where
cracks can start [39].
Displacement-limited defenses, in contrast, involve tough-
ening a food item to increase its resistance to crack propaga-
tion. Foods can be made tougher by developing ways of
diverting energy from the tip of a spreading crack. Strain can
be prevented from reaching the tip by dissipating energy
through deformation of material or by extending elastic ﬁbers
or ﬁlaments across the path of fracture. Stress can also be
defocused by blunting the tip of a crack, or by changing its
path by altering the underlying structure of an object. Plants
can accomplish all of this in a variety of ways. They can
change the arrangement or decrease the turgidity of their cells.
They can also alter the thickness of the cell wall and the
distribution and shapes of microﬁbrils within that wall. Think
of the veins of leaf blades, positioned to make a leaf insensitive
to the spread of notches. Smaller size helps too, as this allows
less storage of the strain energy needed to spread an advancing
crack [39].
2.2.1. Dental design and food fracture
We can intuit a lot about dental biomechanics by developing
idealized models to determine optimal “designs” for teeth to
break foods with stress- and displacement-limited defenses,
and then comparing them with real teeth [6,21,40,41] (see
Fig. 1). Foods protected by stress-limited defenses may
demand substantial stress to initiate a crack, but they often
require less work to propagate it given built-up strain energy in
their chemical bonds. Cracks may even be self-propagating
if the energy produced exceeds that consumed during fracture.
A point or cusp tip makes a good model to concentrate forces
required. A blunt or hemispherical tip is best to buffer the tooth
itself against breaking. Besides, a sharper tip might cause a
food item to deform plastically. The opposing surface can be
ﬂat (think of a hammer and anvil), or concave (think of a
mortar and pestle). The advantage to a concave surface is that
it prevents spread or movement of food that would result in
loss of energy during the fracture process. A basin, or spaces
between staggered opposing cusps, often does the job [21,42].
A wedge should work better for propagating cracks through
foods with displacement-limited defenses. A thin, tapered one
with minimal surface area would concentrate stress to generate
the constant tensile forces needed to spread a crack at the
advancing tip. The shape of the wedge itself is a compromise.
It should be sufﬁciently thick to reduce vulnerability to
damage, but still adequately thin to penetrate far enough to
build up the strain energy needed to propagate a crack and
follow closely behind the advancing crack tip [40]. The
opposing surface can be ﬂat, or itself a wedge, to spread twocracks simultaneously from opposite directions inward. An
offset blade system, like a pair of shears, makes the most
sense, as it avoids the potential damage of tip-to-tip contact
between opposing surfaces. The inner side of each opposing
wedge should be perpendicular to the direction of movement
to allow approaching surfaces to slide past one another. The
outer sides would ideally be tapered, like the angle of bevel
of a scissor blade. This would create tension to force food
out and away from the cutting surfaces while pressing the
blades together to “autoalign” themselves during chewing
[6,21,40,41].
There are many other functionally relevant aspects of
occlusal morphology to consider. The reciprocally V-shaped
blades of carnivoran carnassials provide one example. Some
teeth possess jagged or even serrated edges to change direc-
tions of forces and take more advantage of the elastic proper-
ties of foods [43]. Another example is the enamel ridge and
intervening dentin trough conﬁguration of ruminant cheek
teeth, which apparently forms “sluiceways” to direct food and
ﬂuids across the occlusal surface [44]. Much work remains to
be done, but it is clear that teeth are best viewed not just as
guides for chewing, but also as cutting tools. They operate on
many levels.
2.3. Dental defenses: chemistry and structure
Another important aspect of dental form and function is
resistance to fracture. While most other vertebrate species
simply replace dentitions when they break, mammals have at
most two generations of teeth, so fracture can be catastrophic.
It can lead to tooth failure, starvation, and ultimately, death.
Because mammalian teeth can be stressed by considerable and
repeated forces during chewing, they must be built to break
foods without themselves being broken in the process. They
must be both hard enough to prevent cracks from starting, and
tough enough to stop them from spreading. This is a formid-
able challenge, but mammals are able to meet it with
composite structures and complex arrangements of mineralized
dental tissues that have evolved to resist failure [21,45–47].
Enamel is the ﬁrst line of defense and the tissue most
commonly considered in studies of dental fracture properties.
Mammalian enamel strength comes from both its chemistry
and its structural properties. It is on average about 97%
mineral, almost entirely hydroxyapatite, Ca10(PO4)6(OH)2.
The rest is water and trace amounts of organic compounds.
But the proportions of mineral, organic matter, and water vary
across the enamel of a single tooth, which can affect local
indentation hardness and Young's modulus values, as well as
susceptibility to breakage and wear, especially at nanoscales
[48,49].
Structural adaptations to strength have been more inten-
sively studied. The simplest and most commonly considered
structural attribute is enamel thickness. All else equal, a thicker
enamel cap means a stronger crown. Because teeth are
composites – made up enamel, dentin, cementum, and pulp
– changing proportions of these different tissue types result in
changes in responses to compressive loads. Because enamel is
Fig. 3. Section of enamel through a sheep canine. Note the decussation and
Hunter–Schreger band layout. Image courtesy of Licheng Hua. Scale
bar¼50 μm.
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tissue should mean less deformation for a given load and less
risk of fracture [46,50]. And indeed, in many cases, hard-
object feeding mammals have thicker enamel than closely-
related species that feed on soft foods [51,52].
But simple measures of overall thickness of the enamel cap
are limited in what they can teach us. Summary measurements
can mask functionally important differences across the crown,
for example [53,54]. Also, distantly-related mammals vary in
their enamel thicknesses due to heritage alone, and it can be
difﬁcult to parse function from phylogeny. It can also be a
challenge to separate out selective pressures, since thin enamel
can be advantageous in some circumstances too (see below).
Given the difﬁculties associated with working out functional
implications of enamel thickness, many researchers have
focused instead on ﬁne-scale structural adaptations of enamel
for resisting tooth failure. Most vertebrates have enamel
formed from long, thin crystallites that radiate outward from
the enamel–dentin junction (EDJ). These tend to resemble
ﬂattened hexagons in cross section, with an average diameter
of about 40 nm each [55]. While initial study suggests that
species differ in crystallite size and shape [56], much work
remains to be done to describe nanometer-scale variation in
enamel structure and its implications for tooth strength.
There have, on the other hand, been many studies of
micrometer-scale variation in mammalian enamel structure.
Most mammals bundle thousands of crystallites into cylind-
rical or semicylindrical rods (more often called prisms in the
mammalian dental literature), each with a cross-sectional
diameter of about 2–10 μm [57]. Most of the crystallites
within each rod are arranged roughly parallel to the long axis
of that rod, but some change direction and run a short distance
until they meet the crystallites of adjacent rods. The area where
they meet forms a boundary between the rods, where protein
and water tend to accumulate.
Enamel rods can be packed together and laid out between
the EDJ and surface of the tooth in many different ways to
prevent the spread of a crack through the crown. Smaller
mammals, which do not generate a lot of occlusal force, tend
to have a simple radial pattern, with rows of rods running
straight and parallel to one another. In larger species though,
particularly those that typically generate higher occlusal forces,
there is a risk of cleaving apart sheets of radial enamel rods
along planes of weakness between adjacent rows. Some
mammals, including marsupials and many ungulates, develop
thick sheets of crystallites between the rods that run nearly
perpendicular to those within them. This is called crystallite
decussation, and it reinforces the crown against stresses that
would otherwise split the tooth along the rows of rods [57–59].
Decussation of the rods themselves is more common,
though [57,60,61]. Layers of rods wiggle about in waves
between the EDJ and crown surface, and adjacent layers
interweave with one another at steep angles to form what are
called Hunter–Schreger (H–S) bands (Fig. 3). H–S bands
increase the toughness of enamel by forcing a crack to change
directions and increasing the work required to spread it
[21,62]. This has proven to be a very effective strategy forresisting fracture even with very heavy loads [63]. Further, H–
S bands can be stacked horizontally, vertically, or in a zig-zag
fashion depending on the species. And these stacks (called
enamel types), are themselves layered into what are termed
schmelzmuster patterns [57]. Mammals differ in their arrange-
ments of H–S bands, enamel types, and schmelzmuster
patterns. These clearly all contribute to the particulars of
fracture resistance, but researchers are only now beginning to
work out the details.
3. Tooth wear
Clearly tooth shape and enamel structure are important for
function, but what is the role of tooth wear in the system?
Dental researchers study wear because it changes tooth shape,
affects function, and compromises structural integrity. Paleon-
tologists also study tooth wear because patterns at both gross
and microscopic levels can be related to diet, and help us
reconstruct the feeding behavior of animals that lived in
the past.
3.1. Tooth wear and function
One of the great challenges to understanding how teeth work
is the fact that they change shape as they wear. Surely nature
takes dental wear into account in “designing” the best teeth for
fracturing whatever foods a species has evolved to eat. And
selection should favor teeth that wear in a manner that keeps
them functionally efﬁcient throughout the life [64]. Indeed,
many mammals actually need their teeth to be worn in order
for them to be able to efﬁciently fracture food items [5,65,66].
Some mammals even grind their teeth in utero so that they are
worn and ready to go at birth [67]. Teeth requiring wear to
function have what Fortelius [68] has termed secondary
morphology. These teeth are literally sculpted with wear to
become the shapes they need to be for comminuting food.
Sharp edges appear as abrupt boundaries between harder
enamel and softer dentin exposed by abrasion and attrition.
We can see it clearly in the crescent-shaped crests of cows and
Fig. 4. Worn mandibular cheek teeth of various mammals (top) and mesowear
evident on upper cheek teeth in side view (bottom). The musk deer is a
browser, and the vicuña is a grazer. Lower teeth modiﬁed from Giebel [199]
and uppers modiﬁed from Owen [200].
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crowns too, like primates [64,69] (Fig. 4).
So how can teeth cause wear to sculpt occlusal morphology
in speciﬁc ways? One approach is to alter the resistance of
enamel or even dentin to wear [45,57]. This can be accom-
plished by varying the chemistry of the tissue, or by altering its
underlying structure. Nanoindentation studies indicate that
hardness and stiffness vary across enamel crowns [48,70,71].
In fact, indentation hardness and Young's modulus can
decrease by more than 50% from the occlusal surface inward
to the EDJ. They can also vary between the buccal and lingual
sides of a tooth and between teeth in a row [49]. Such variation
can be due, in part, to local chemistry (degree of mineraliza-
tion, organic matter, and water content) and to volume
fractions of inorganic crystals and organic matrix [48].
Enamel structure can also affect resistance to wear. Most
mammals bundle thousands of long, thin crystallites, each
about 40 nm in diameter, into cylindrical or semicylindrical
rods, or prisms. Each rod is about 2–10 μm in diameter, and is
packed together with others running from the EDJ to the
surface of the tooth. The angle at which they hit the surface of
the crown varies by species and location; and this variation
effects both wear resistance and stiffness of the tissue [62]. The
orientation of crystallites relative to an occlusal surface and the
vector of force acting on that surface are especially important.
Enamel is least resistant to wear when both the force vector
and crystallites are oriented nearly parallel to the surface
[72,73]. Wear also depends on the density of crystallites within
the enamel. All else equal, the more tightly packed the
crystallites, the more resistant to wear. So, just as a sculptorremoves bits of rock to form a statue of a given shape, enamel
ultrastructure can inﬂuence the form of a tooth with wear.
Differences in crystallite orientation between cusps tips and
shearing facets, for example, can create and maintain sharp
cutting edges along crests connecting the cusps [57,74–76].
Enamel rod orientation at the surface can also play an
important role in sculpting the crown with wear. Rods aligned
parallel to the abrasion vector are more resistant to wear than
are those perpendicular to it. Enamel ridges on rhinoceros
teeth, for example, form as a result of differential wear related
to differing prism orientations [77]. And perhaps even dentin
structure plays into the equation, acting in concert with enamel
to control how tooth form responds to wear [78].
On a coarser scale, the relationship between the enamel cap
and underlying dentin crown can be important. Localized
differences in enamel thickness across the crown may play an
even more central role in guiding changes in tooth form
because enamel is overall more resistant to wear than is dentin
[79,80]. The distribution of enamel across the crown is
important here [53,65,81]. In myomorph rodents, for example,
the enamel over a cusp tip is quite thin, and the dentin horns
protrude up close to the surface, leading quickly to sharp edges
to facilitate food processing [5]. New studies using x-ray
microcomputed tomography (micro-CT) to map the distribu-
tion of enamel across tooth crowns show great promise to help
us better understand dental form and function [79,82–84].
3.2. Dental topographic analysis
Several research groups have begun to track static and
dynamic aspects of gross occlusal form as teeth wear using
dental topographic analysis [85]. This approach treats teeth as
topographic surfaces, and generates summary statistics to
describe whole occlusal tables. While some aspects of tooth
shape, like cusp relief and slope, indeed change as a tooth is
worn down, others, like surface angularity, can remain fairly
constant until well into the wear sequence [6,64,69,86–90].
It seems that the relationships between enamel and underlying
dentin are such that some aspects of functional efﬁciency
(measured as surface complexity or jaggedness) are retained
as a tooth wears. My own work on primates provides one
example.
Dental topographic analysis was originally developed in my
laboratory to distinguish among primates with differing diets
[91]. It has long been known that folivores and insectivores,
for example, have longer shearing crests than do closely-
related frugivores [92,93]. The standard gauge of shear
potential has been Kay's [94] shearing quotient, which is
computed as a residual from the regression of summed-molar-
shearing-crest length against tooth length for primates with a
given diet. The longer the crests, the higher the value. But this
gauge does not work with worn teeth, because some of the
landmarks used to measure crest length (cusp tips) are
obliterated with wear. Dental topographic analysis is an
alternative to the shearing quotient. It is a whole-surface
characterization free from reliance on speciﬁc points for
measurement.
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three-dimensional point clouds representing a surface by laser
scanning. We typically use a lateral point spacing of 25 μm for
studies of primate teeth. These clouds are then imported into a
geographic information system (GIS), and surfaces are inter-
polated using inverse-distance weighting. Tools available in
GIS software to measure landscapes, like average surface
slope, relief (ratio of 3D surface area to planimetric area), and
angularity (slope of slope, or second derivative of elevation)
are then used to characterize the occlusal table for comparisons
between specimens. We can assess the effects of enamel
sculpting by comparing teeth at different stages of wear, and
we can control for wear stage when comparing species or
samples within species.
Results to date have conﬁrmed that while teeth get ﬂatter
with wear for all species examined so far, leaf eaters have
signiﬁcantly more sloping surfaces and more topographic relief
at a given stage of wear than do fruit eaters [64,86,88,90,95]
(Fig. 5). This suggests that dental topography can be compared
between species to infer diets of fossils so long as there is
control for degree of tooth wear. Surface angularity, or
jaggedness, also separates primates by diet, with folivores
evincing more angular surfaces than do frugivores, though thisFig. 5. Dental topographic analysis. Upper left: wear evident on digital
elevation models of the lower molar of a howling monkey sampled repeatedly
(original data in Dennis and coauthors [74]). Upper right: digitial elevation
models of lower molars of a gorilla, orangutan, and chimpanzee [original data
in Ungar and M'Kirera [45] and Merceron and coauthors [82]]. Bottom:
Average surface slopes of lower molars with gross wear in Old World
monkeys. Procolobus badius and Colobus polykomos are both folivores,
Cercopithecus campbelli is a soft-fruit eater, and Cercocebus atys is a hard-
object feeder (original data in Bunn and Ungar [77]).does not seem to change with gross dental wear, at least not
until well into the wear sequence. This has been demonstrated
for all higher-level groups of primates: apes [64], New World
monkeys [87], Old World monkeys [90], and even lemurs [89].
And studies from other research groups using other measures
of surface complexity have found similar results [69, see
also 96].
Most studies of the effects of enamel wear on tooth shape
have been limited to comparing different individuals. This
makes the assumption that there are species-speciﬁc wear
patterns. If we wish to consider the teeth of fossil species, we
have no other choice. We have only one data point for each
individual – the shape of the tooth at the wear stage associated
with the moment of death. But is this a reasonable assumption?
There have been just a few longitudinal studies of living
primates to address this question. John Dennis and coauthors
[87], for example, looked at the molar teeth of wild howling
monkeys captured and recaptured repeatedly over the course of
a decade. After each capture, dental impressions were taken
and the animal was released back into the wild. Results
showed consistent decreases in crown slope and occlusal
relief, but constant angularity, at least until specimens were
extremely worn – just as was found for studies of museum
specimens at different stages of wear. A similar analysis of
known-age lemurs by Cuozzo and colleagues [89] showed
comparable results, though rates of crown-shape changes
related to wear did vary by habitat. For both the howler and
lemur studies, though, species appeared to exhibit speciﬁc
sequences, suggesting different individuals at different stages
can be used to infer shape change with wear (see Fig. 5).
Once a tooth is worn beyond a certain point, functional
efﬁciency for fracture can drop [97]. This often corresponds to
the complete or near-complete loss of enamel from the occlusal
surface. Some mammals compensate by chewing longer or
eating more. In ruminants, this can mean an additional trip
back into the mouth for cud to reduce particles to the size
needed to pass through the reticulo-omasal oriﬁce, which
connects the second and third chambers of the stomach [98].
But it can also lead to a drop in food processing efﬁciency and
possibly reproductive ﬁtness [99]. More chewing can result in
less time for other things too, like social behaviors needed to
assure reproductive ﬁtness [100]. Finally, excessive tooth wear
and reduced chewing efﬁciency can also affect a mother's
ability to produce milk, which may explain high incidences of
mortality of lemur infants whose mothers have heavily worn
teeth [69, see 101].
Some mammals combat excessive wear by increasing crown
heights to prolong life of a tooth. Cheek teeth are usually
considered high-crowned, or hypsodont, when the height of the
enamel cap is greater than its anteroposterior length [102].
Hypsodonty is frequently found in herbivores, including many
rodents and lagomorphs, ungulates, and marsupials. It is especially
common in those that consume silica-rich, grit-laden grasses.
Crowns can begin deep in the jaw and gradually erupt as needed,
at about the rate of tooth wear. This allows for a long tooth, but
maintains occlusal relationships between opposing teeth. A more
extreme approach is hypselodonty, the possession of open-rooted
Fig. 6. Dental microwear texture analysis. Above: microwear surface photo-
simulations for a howler (folivore), capuchin (hard-object feeder), panda
(bamboo eater), black bear (omnivore), cheetah (meat eater), hyena (bone
cruncher), gemsbok (grazer), and gerenuk (browser). Note tough-food eaters
have more anisotropic striated surfaces whereas hard-food eaters have more
pitted surfaces (original data in Scott and coauthors [150], Ungar and coauthors
[159], Donohue and coauthors [162], and Schubert and coauthors [164]).
Below: microwear texture data for grazing, browsing and mixed feeding
antelopes. Data courtesy of Jessica Scott (see [160]).
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armadillos and sloths, are all hypselodont [see 3].
3.3. Tooth wear as a proxy for diet
Many paleontologists are interested in tooth wear not
because of its effect on function, but because it can be used
to infer diets of animals that lived in the past. Tooth size,
shape, and structure provide important clues, but mammalian
dental form is hereditary, and reﬂects only selection on one's
ancestors. It can tell us something about what an animal was
capable of eating, but not what it actually ate on a daily basis.
Liem's Paradox is an often invoked example of how this can
work [103]. As Liem [210] wrote, the paradox is that “the most
specialized taxa are not only remarkable specialists in a narrow
sense, but also jacks-of-all-trades”. Indeed, some species with
highly-specialized teeth at times actively avoid the very foods
to which they are adapted. Some cichlid ﬁshes, for example,
have molariform teeth to crack hard snail shells, but they eat
these mostly when more preferred, softer prey are unavailable
[104]. Likewise, gorillas have longer molar shearing crests
than do chimpanzees, allowing the former to eat tough foods,
like leaves and wild celery stalks. But the two ape genera both
consume mostly ripe fruits when those are available. The
longer crests and other adaptations of gorillas allow them to eat
nothing but ﬁbrous foods when less fracture-resistant favored
ones are inaccessible. Chimpanzees do not do this [105].
Liem's paradox highlights the difference between studies of
how teeth work and how they are used. The two do not always
line up, and this is a cautionary tale against using tooth form
alone to infer preferred diet. This is where studies of tooth
wear can be very handy. While the way a tooth changes shape
with wear may have a genetic underpinning (see above), tooth
wear itself is not inherited. It happens in life. So patterns of
wear of fossil teeth reﬂect real behaviors of speciﬁc individuals
during their lifetime [106]. Researchers have considered the
dietary implications of tooth wear on both gross and micro-
scopic scales.
3.3.1. Gross wear
There are many ways to study gross tooth wear. Some
researchers measure rates of wear to determine the abrasive-
ness of a diet, or how perhaps its ﬁbrousness, given that
tougher foods tend to require more chewing cycles per volume
food, all else equal [107,108]. Such rates can be estimated in
fossil samples by comparing differences in degree of wear
between teeth in a row. Wear gradients work because dental
eruption occurs according to a predictable schedule, so that
differences in wear between teeth reﬂect a ﬁxed period of time.
But it is difﬁcult to know, however, whether a species has a
steep wear gradient because it chews a little with a very
abrasive diet, or a lot, with less abrasive one.
Dental mesowear, on the other hand, may help address this
issue. Mesowear begins with the observation that attrition,
caused by tooth-to-tooth contact, tends to form facets, whereas
abrasion, caused by tooth-to-food contact, tends to obliterate
them [66]. Researchers reason that angled surfaces, such asthose at the leading edges of facets, should be retained with
attrition as teeth slide past one another, effectively sharpening
those surfaces. Abrasion, on the other hand, should blunt teeth
[109]. This explains why mammals that eat abrasive grasses
tend to have more rounded, blunt occlusal surfaces than do
those that consume less abrasive tree and bush parts. Measure-
ments of cusp height and sharpness have proven useful for
distinguishing grazers from browsers within several mamma-
lian families [66,110–112] (see Fig. 4).3.3.2. Dental microwear
Another measure of wear with implications for reconstruct-
ing diet is dental microwear, the microscopic scratches and pits
that form on a tooth's surface as a result of its use (Fig. 6).
There are several comprehensive reviews in the literature on
dental microwear and its relationships to diet [113,114]. The
earliest published work I am aware of on microscopic wear of
mammalian teeth is Simpson's [8,10] effort in the 1920s and
1930s to infer directions of jaw movement and presumably diet
from the orientations of scratches on molar facets. Butler [11 et
seq.], Mills [115 et seq.], and others followed suit in the 1950s
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masticatory behavior in various living and fossil species.
The ﬁrst analysis to focus on the etiology of microwear
though, was Baker and colleague's [116] work. These authors
documented dental microwear on sheep teeth, and suggested it
was caused in part by endogenous silicates called phytoliths.
Phytoliths are formed as silicic acid from the soil is taken up
by a plant and deposited as hydrated amorphous silica within
the lumen of its epidermal cells. Phytoliths commonly make up
1–5% of the dry weight of grass blades, and take on
characteristic shapes and sizes depending on the type of plant
and part they come from. These siliceous bodies seemed a
likely culprit for tooth wear to Baker and his colleagues given
the presence of fractured phytoliths in the feces of sheep
studied and their ﬁnding that these measured higher in Mohs
hardness than did sheep enamel ([see 117] for review). Baker
and his colleagues implicated exogenous grit from the soil as a
causal agent for wear too. Angular quartz fragments were also
found in the feces, and they too were harder than enamel.
There were few studies of microwear in the 1960s, but the
work that was done focused on documenting patterns using
basic light microscopy [118].
The spread of commercial scanning electron microscopes
(SEMs) to universities around the world in the 1970s stimulated
an upsurge of microwear research. The SEM had the right
resolution and depth of ﬁeld to produce crisp, clear images of
microscopic use-wear scratches and pits. Rensberger [119] used
the instrument to document different patterns of microwear on
rodent teeth, and argued that these might be related to food
properties, tooth form and structure, occlusal pressure, and
chewing rate. And Walker and coauthors [120] used one to
compare microwear between hyrax species with known differ-
ences in diet. They chose species with different diets but similar
teeth to control for dental form, and individuals living in the
same place to control for exogenous abrasives. The bush hyrax,
Heterohyrax brucei, is a browser, consuming mostly parts of
bushes and trees whereas the rock hyrax, Procavia capensis, is a
seasonal grazer, and eats mostly grass, at least during the rainy
season. Wet season rock hyrax teeth had more microwear
striations than did those of bush hyraxes, or those of rock
hyraxes collected during the dry season when less grass is eaten.
And wet-season rock hyraxes also had fractured grass phytoliths
in their pellets, not found in bush hyrax feces. The grass
phytoliths, it seemed, had caused microwear striations not found
with the consumption of browse.
As for fossil studies, a number of researchers began
documenting microwear patterns using the SEM at the end
of the 1970s. These studies focused on early hominins, human
ancestors and their near kin. Grine [121–123] compared two
species that lived in South Africa between about 3.3 and 1.2
million years ago. One had more microwear scratches, which
he attributed to consumption of young leaves and soft fruits,
whereas the other had more pits, which he thought corre-
sponded to the consumption of small, hard objects. Puech and
his colleagues [124–126] also looked microwear on the teeth
of a broad variety of hominins, and suggested that different
patterns likely corresponded to different diets.Walker [127] and Ryan [128,129] took a different tact. They
examined microwear of living primates with known differ-
ences in diet or tooth use and compared them directly with
patterns on early hominin teeth from eastern Africa. These
studies were largely qualitative assessments of visual resem-
blances between photomicrographs of teeth of fossil species
and living ones. They did suggest, though, that different fossil
species had different patterns, and that those could be
compared with microwear of living primates with known
differences in food preferences and ingestive behaviors.
The 1980s was a decade of reﬁnement of microwear analy-
tical techniques and efforts to determine the limits of this
approach for reconstructing diets of fossil mammals. Covert
and Kay [130] conducted an in vivo experimental study of
opossums, feeding one group cat food with plant ﬁber, another
cat food with insect chitin, and a third cat food only. They
found no evidence for differences among the groups, and
concluded that microwear could not distinguish herbivory
from insectivory. Peters [131] preferred an in vitro approach,
creating microwear on extracted human teeth with rock
fragments, bone, and various plant foods. His conclusions
were mixed. It looked like grit and phytoliths would likely
produce similar scratches, and that plant foods without these
abrasives would cause none. But he did note that puncture–
crushing hard foods leaves a distinctive microwear pattern.
Kay and Covert [132] also reported that grit on foods and
phytoliths within plants could leave indistinguishable micro-
wear patterns.
Gordon and Walker [133] countered that the original study
by Kay and Covert lacked the necessary control, appropriate
dietary medium and additives, experiment duration, and
quantiﬁcation of results needed to really assess the potential
of microwear. And Gordon [134–136] focused her attention on
the effects of facet type, tooth type, and instrument settings on
results. Variation introduced by each of these factors could
swamp diet signals in microwear. Remember, for example, that
different things are happening during “Phase I” and “Phase II”
of the power stroke [11,31,137], so microwear on facets
produced by these two should be considered separately. Surface
and magniﬁcation standards were chosen, and researchers began
to quantify microwear features, counting and measuring the
lengths, breadths, and orientations of scratches and pits.
Teaford and Walker [138] then measured microwear fea-
tures on the teeth of primates collected in the wild for
museums. It was impossible to know exactly what each
individual ate in life, but they chose species reported to have
distinctive diets: (1) mangabey monkeys and capuchins that ate
hard objects like nuts, bark, and palm fronds; (2) colobus
monkeys, howlers, and gorillas that ate leaves and other tough,
ﬁbrous foods; and (3) chimpanzees and orangutans with broad
diets but a preference for soft, sugary fruits. Their results were
as expected. The hard-object feeders had more pitting on their
“Phase II” facets, the tough-food eaters had more scratches,
and the broad-diet frugivores were intermediate in their ratios
of scratches to pits. Striations, it seemed, were formed as
abrasives were dragged along facets when opposing surfaces
slid past one another during the shearing of tough foods. Pits,
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pressed into facets as food items were crushed between
opposing teeth. And in vitro experiments since have conﬁrmed
that abrasives scraped along a surface cause striations in the
direction of horizontal slip, whereas those pressed into one
with normally-directed force causes pitting [73,139].
Work continued over the next few years to assess the
potential of microwear as a diet proxy. Teaford found
differences between closely-related monkey species consistent
with subtle diet differences [140,141], differences within
species between primates living in different microhabitats
and sampled during different seasons [142,143], and differ-
ences in laboratory primates fed foods with varying physical
properties [144]. At the same time, studies expanded to include
teeth from other parts of the mouth [145,146], and many other
mammalian taxa, from antelopes to zebras [147–149], bats to
moles [150,151], pigs to sheep [152,153], marsupials to large
cats [154,155], and several more. The results were clear.
Species reported or observed to consume harder items tend to
have a higher ratio of pits to scratches on their cheek teeth than
do closely-related ones that prefer tougher foods.
By the early 2000s, microwear studies were beginning to
reach a plateau. The methods used to quantify features were
time intensive and expensive. Indeed, some researchers began
to return to low-magniﬁcation light microscopy [156,157]
because of the cost and effort associated with SEM analysis.
Furthermore, images produced by an SEM could vary drama-
tically for a single surface, depending on collector type and
position, specimen geometry, types of electrons used, voltage,
working distance, surface tilt, and other parameters [136].
Much of the problem relates to data loss inherent in character-
ization of a 3D surface in two dimensions. Features are
identiﬁed as “relief” suggested by shadows and decreasing
electron beam intensity with depth. If you vary the geometric
relations of the electron source, subject surface, and electron
collector, you change the image. Thin scratches on a surface
can virtually “disappear” when oriented parallel to the electron
beam, and they can come into sharp contrast when oriented
perpendicular to it. This made comparisons between studies
difﬁcult.
Another problem was high interobserver-measurement error
– about 9% on average [158]. At ﬁrst, each feature was
measured directly on paper photomicrographs with calipers
and protractors or a digitizing tablet [123,159]. Later, those
micrographs were scanned and displayed on a computer screen
for identiﬁcation of features using a mouse-driven pointer
[160]. Still, a surface visualized by SEM typically had
hundreds of features, the boundaries of which were irregular
and commonly overlapped the borders of others and the edges
of the ﬁeld of view. It was difﬁcult to determine the endpoints
of scratches and especially pits, and to isolate each and every
feature on a photomicrograph or computer screen.
It was becoming obvious that the microwear signal-to-noise
ratio would need to be improved if the technique was to reach
its full potential. We needed to characterize surfaces in three
dimensions using a technique that would minimize observer
measurement error. As a result, my colleagues and I [161,162]developed dental microwear texture analysis, an automated
approach to quantifying whole surfaces in three dimensions. A
white-light confocal proﬁler was used to generate a 3D point
cloud representing a surface of interest. We considered four
adjacent ﬁelds of 104 138 μm2 each, with a lateral point
spacing of 0.18 μm and a published vertical resolution better
than 0.05 μm. The resolution and work envelope were chosen
to be comparable to those typically used in SEM-based
microwear studies.
Point clouds were analyzed using scale-sensitive fractal
analysis software (SurFract, Norwich, VT, USA) [163–165].
This approach recognizes that teeth function at multiple levels
(see above) and therefore, microwear surface textures are
likely to be sensitive to scale. Scale-sensitive fractal analysis
is based on the idea that the apparent length, area, and volume
of a rough surface change with scale of observation. Thus,
surfaces may appear smooth at coarse scales, and rough with
increasing resolution at ﬁner ones. Changes in area with scale
of observation, for example, are used to characterize complex-
ity. Area-scale fractal complexity (Asfc) is calculated by
measuring the surface area at a particular scale and dividing
by the planometric area. It is the slope of the steepest part of
the curve ﬁtted to a log–log plot of the relative area over the
available scale range (in our case, 5300–0.18 μm2) [162,166].
Heavily pitted surfaces tend to have higher Asfc values than
those dominated by uniform-sized scratches.
Another attribute that has proven valuable in distinguishing
microwear surfaces on the basis of diet is surface texture
directionality, or anisotropy. We measure that by considering
average relative lengths of depth proﬁles (normalized vectors)
sampled “around the clock” at 51 intervals from 01 to 1801
across a surface. Relative length in our case is the difference
between the straight-line distance separating endpoints and the
summed length of depth proﬁles measured at a scale of 1.8 μm.
The length of the mean vector is called length-scale anisotropy
of relief (epLsar), and varies between zero and one, with
higher values denoting more directionality or anisotropy to the
surface. A surface dominated by striations all aligned in the
same direction has a higher epLsar value than one dominated
by pits, or one with scratches lacking a preferred orientation.
We have identiﬁed other features with a scale element that
separate samples on the basis of diet too. These include the
scale of maximum complexity, the ﬁne-scale limit of the Asfc
line, and textural ﬁll volume, the difference in volume
generated for a surface using coarse and ﬁne square cuboid
ﬁlling elements (in our case, 10 and 2 μm respectively). These
provide a measure of surface feature sizes. Heterogeneity of
surface complexity, calculated as variation in Asfc across
subsampled areas (we use 3 3 and 9 9 cells) is also a
useful measure for microwear study [162,166], as are many of
the standard ISO surface texture parameters [167,168].
Microwear texture analysis has already been applied to a
very broad range of mammals, from rabbits [169] to bats [167],
shrews [170], antelopes [171–173], bears [174], armadillos and
sloths [175], dogs, hyenas, and cats [176–179], primates, and
even marsupials [180]. The trends in studies that use scale-
sensitive fractal analysis attributes are clear. Mammals that
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microwear surface texture complexity, whereas closely-related
ones that more often shear or slice tough items have more
surface anisotropy. This makes intuitive sense, and is consis-
tent with tough-food eaters having microwear surfaces domi-
nated by uniform scratches running in a given direction, and
hard-object feeders having pits of varying sizes and shapes
(Fig. 6).
3.4. Mechanisms of tooth wear
One of the most pressing directions for current and future
research is the study of what causes mammalian tooth wear –
especially that in herbivores. Despite all the work summarized
here, there is still no consensus. Much of the debate has
revolved around the selective pressures that led to hypsodonty.
Researchers have recognized for more than a century that
many species developed high-crowned teeth because of wear
pressures related to grazing [181–184]. Grasses tend to be
covered with grit and often contains siliceous phytoliths (see
above). Add to this their high ﬁber content, and the associated
need for many chew cycles to break through their thick, tough
cell walls, and it is no wonder that grazers often have very
hypsodont cheek teeth. But which factor is most important?
All researchers have acknowledged that quartz grit can cause
tooth wear, but the same cannot be said for phytoliths.
3.4.1. Phytoliths
Phytoliths are often considered a defense mechanism devel-
oped by plants to deter predation [185]. It is generally accepted
that wild mammalian grazers avoid phytolith-rich foods when
they can [186–189]. Indeed, laboratory studies have demon-
strated that plants rich in silica are abrasive and deter feeding.
Consider Massey and coauthors' [190] palatability study.
These authors were able to manipulate silica levels in plants,
and demonstrate that herbivores prefer those with fewer
phytoliths, all else equal, when given the choice. It also
becomes clear that phytoliths are a defense mechanism when
we consider the plants themselves. Grasses, for example,
generate more phytoliths when their blades are eaten by
grazers [190,191].
Direct evidence for the role of phytoliths in tooth wear
comes from the discovery of siliceous plant opals embedded in
tooth enamel at the ends of microwear scratches [192,193]. In
addition, an experimental study by Gügel and coauthors [139]
found that cereals with differing phytolith loads left different
microwear patterns in enamel after simulated chewing, all else
equal. It makes sense then, that primate species known to
consume more phytolith-rich foods tend to have thicker tooth
enamel [194].
Some phytolith advocates downplay the role of exogenous
grit in tooth wear. They note, for example, that if grit on food
is important, habitat cover, annual precipitation, and feeding
height should all play a role in wear rate. According to Kubo
and Yamada [195], they do not, at least not for Japanese sika
deer. Indeed, for sika deer, silica in (rather than on) their foods
seems to be more important to tooth wear rate. Perhaps thisexplains why high-crowned fossil equids are found in such a
broad range of sedimentary environments [196], and why
hypsodonty appeared in so many distinct mammalian radia-
tions at about the same time as the spread of grasslands during
the Neogene [197–199]. Besides, as already alluded to, grazing
ungulates also spend more time chewing, and should wear
their teeth more rapidly with a given abrasive load because of
the ﬁbrous nature of grass [200].
Some have questioned the role of phytoliths in tooth wear,
though. Sanson [201] has challenged Baker and coauthors'
[116] original assertion that phytoliths are harder than tooth
enamel and therefore capable of wearing it. And more recent
studies by Erickson [202] and Lucas and coauthors [203] also
found phytoliths to be softer than enamel. Lucas and coauthors
have argued that phytoliths are more likely to rearrange enamel
at nanoscales, creating ridges alongside an indentation, than to
separate tissue from the surface. Quartz dust, on the other
hand, can remove enamel with fairly low forces at the right
angle of attack between particle and tooth surface.
3.4.2. Exogenous grit
Indeed, some have argued for decades that exogenous grit is
a more important selective agent for hypsodonty. Janis [204],
for example, has noted that ungulates living in open, dry
habitats and feeding at ground level are often hypsodont
regardless of their speciﬁc diets (but see [195]). In contrast,
those feeding aboveground in moist, closed-canopy forests
tend to have the lowest tooth crowns. In fact, Fortelius and
coauthors [205] have proposed that hypsodonty may even be a
reasonable proxy for rainfall, assuming a relationship between
wear and an open-closed habitat gradient. And grit advocates
continue to argue that high-crowned teeth relate more to
feeding in an open setting than to percentage of grass per se
[206]. It has also been suggested that because grazers more
often feed unselectively, they are less able to choose plant
parts free from soil than are browsers [207].
But what about phytoliths as a predation deterrent? Many
who consider grit the principal cause for tooth wear acknowl-
edge that phytoliths deter herbivores, but question whether
wear actually enters into the equation. Massey and coauthors
[190] for example, noted that voles fed more phytolith-rich
grasses grew more slowly than those fed grasses with lower
phytolith loads. The silica evidently reduced absorption of
carbohydrates and nitrogen. Perhaps then, phytoliths deter by
reducing nutrient uptake. Hunt and coauthors [208] focused in
on insects, and argued that phytoliths keep their chewing
apparatus' from crushing chlorenchmya cells to release con-
tents, thus reducing plant digestability. Finally, Lucas and
coauthors [209] have even suggested that phytoliths are
actually grit mimics. Herbivores perceive them as abrasive to
teeth, even if they are not, so phytoliths defend plants through
deception.
4. Directions for future research
Occam's razor evidently does not apply to tooth wear; its
causes are complex. Experimental studies to date make a
P.S. Ungar / Biosurface and Biotribology 1 (2015) 25–41 37compelling case that grit is an important wear agent. Some
such studies have failed to ﬁnd the same for phytoliths, at least
when considering single particles mounted on a titanium rod
and slid over ﬂat tooth enamel, or chains of them mounted in
epoxy resin and tested with a nanoindentor. Nevertheless,
much work remains to be done. We need simulation studies
that better reproduce conditions in the mouth, including
stresses and force vectors, but also temperature, moisture,
chemistry, number of chews with reducing particle sizes, etc.
There is much more to tooth wear than hardness alone, as
Lucas and coauthors [203] acknowledge. And there are
discrepancies and contradictions in the literature that need to
be addressed. There is little doubt that crown height relates to
rate of wear rather than diet per se [66]. But does rate of tooth
wear relate more to exogenous abrasives on foods or endo-
genous ones in them?
And what about microwear? A sensationalistic press release
announcing the ﬁndings of Lucas and colleagues [203] was
subtitled “Study questions informative value of dental micro-
wear for dietary habits of extinct species”; though the paper
itself merely claimed, “interpretation of microwear patterns is
likely to require an understanding of the relative abundance of
quartz dust and phytoliths”. Can phytoliths cause microwear?
Walker and coauthors [120] certainly made a compelling case
based on enamel wear patterns and diets of sympatric hyrax
species, as did Gügel and coauthors [139] based on their
experimental study abrading teeth with phytoliths. And “smok-
ing gun” phytoliths found embedded in the ends of wear
scratches by Fox and colleagues [192] are persuasive too.
There is little doubt that microwear can provide valuable
information about diet, as countless studies have shown
patterns separating closely-related mammalian species in ways
that make sense given reported differences in their diets (see
above). We may be approaching the point, however, where our
abilities to characterize dental surface textures at micro-scales
are beginning to outpace our abilities to interpret those
characterizations. We clearly do not understand all the details.
We could beneﬁt, for example, from considering tooth wear at
nano-scales as Lucas and coauthors suggested [203]. Such
studies might help reveal whether microwear differences in
texture are due to tissue removal or merely rubbing and
rearrangement of the enamel surface. What about that pileup
of enamel produced by prowing when phytoliths rub the
surface? Is that easily abraded after thousands of chew cycles
each day, week after week, month after month, and year after
year? We also need more studies focused on microwear
etiology, both in vivo and in vitro, to determine how abrasives
and enamel interact across the range of scales in the oral
environment during chewing.
In the end, studies of mammalian dental wear, form, and
function have much to contribute to our understandings of
biosurfaces and biotribology. They have broad implications,
both for potential clinical applications and bioinspired designs.
But they can also help us understand how and why animals,
including humans, have evolved as they have. And mamma-
lian teeth give us important insights into Darwin's “endless
forms most beautiful and wonderful” by providing thousandsof examples of unique and innovative solutions to the same
fundamental problem of food acquisition and breakdown.
Acknowledgments
I thank Zhong-Rong Zhou for his kind invitation for me to
submit this review for consideration for publication in Biosur-
face and Biotribology, and Licheng Hua for providing the
image used for Fig. 3. I am also grateful to Mark Teaford and
Frank Cuozzo, as well as two anonymous reviewers, for their
helpful comments on parts of this manuscript.
References
[1] Z.R. Zhou, H.Y. Yu, J. Zheng, L.M. Qian, Y. Yan, Dental Biotribology,
Springer ScienceþBusiness Media, New York, 2013.
[2] P.S. Ungar, Teeth: A Very Short Introduction, Oxford University Press,
Oxford, 2014.
[3] P.S. Ungar, Mammal Teeth: Origin, Evolution, and Diversity, Johns
Hopkins University Press, Baltimore, 2010.
[4] G. Cuvier, Essay on the Theory of the Earth (R. Jameson, Trans.), 2nd
edition, William Blackwood, John Murray and Robert Baldwin, London,
1815.
[5] P.M. Butler, Evolution and mammalian dental morphology, J. Biol.
Buccale 11 (1983) 285–302.
[6] A.R. Evans, G.D. Sanson, Spatial and functional modeling of carnivore
and insectivore molariform teeth, J. Morphol. 267 (2006) 649–662.
[7] J.A. Ryder, On the mechanical genesis of tooth-forms, Proc. Acad. Natl.
Sci. Phila. 30 (1878) 45–80.
[8] G.G. Simpson, Mesozoic Mammalia, IV; the multituberculates as living
animals, Am. J. Sci. 11 (1926) 228–250.
[9] G.P. Wilson, A.R. Evans, I.J. Corfe, P.D. Smits, M. Fortelius, J. Jernvall,
Adaptive radiation of multituberculate mammals before the extinction of
dinosaurs, Nature 483 (2012) 457–460.
[10] G.G. Simpson, Paleobiology of Jurassic mammals, Paleobiologica 5
(1933) 127–158.
[11] P.M. Butler, The milk molars of Perissodactyla, with remarks on molar
occlusion, Proc. Zool. Soc. Lond. 121 (1952) 777–817.
[12] J.R.E. Mills, Occlusion and malocclusion in the teeth of primates, in: D.
R. Brothwell (Ed.), Dental Anthropology, Pergamon Press, Oxford, 1963,
pp. 29–51.
[13] A.W. Crompton, K. Hiiemae, Functional occlusion in tribosphenic
molars, Nature 222 (1969) 678–679.
[14] A.W. Crompton, K. Hiiemae, Molar occlusion and mandibluar move-
ments during occlusion in the American opposum, Didelphis marsupialis,
Zool. J. Linn. Soc. 49 (1970) 21–47.
[15] H.F. Osborn, The evolution of the mammalian molar to and from the
tritubercular type, Am. Nat. 22 (1888) 1067–1079.
[16] G.G. Simpson, Studies of the earliest mammalian dentitions, Dent. Cosm.
(1936) 2–24.
[17] A.W. Crompton, K. Hiiemae, How mammalian molar teeth work,
Discovery 5 (1969) 23–24.
[18] P. Wuersch, S. Del Vedevo, B. Koellreutter, Cell structure and starch
nature as key determinants of the digestion rate of starch in legumes, Am.
J. Clin. Nutr. 43 (1986) 25–29.
[19] T. Bezzobs, G. Sanson, The effects of plant and tooth structure on intake
and digestibility in two small mammalian herbivores, Physiol. Zool. 70
(1997) 338–351.
[20] T.A. Hanley, C.T. Robbins, A.E. Hagerman, C. McArthur, Predicting
digestible protein and digestible dry-matter in tannin-containing forages
consumed by ruminants, Ecology 73 (1992) 537–541.
[21] P.W. Lucas, Dental Functional Morphology: How Teeth Work, Cam-
bridge University Press, Cambridge, 2004.
[22] A.R. Evans, G.P. Wilson, M. Fortelius, J. Jernvall, High-level similarity
of dentitions in carnivorans and rodents, Nature 445 (2007) 78–81.
P.S. Ungar / Biosurface and Biotribology 1 (2015) 25–4138[23] W. Wright, G.D. Sanson, C. MacArthur, The diet of the extinct bandicoot
Chaeropus ecaudatus, in: P.V. Rich, J.M. Monaghan, R.F. Baird, T.
H. Rich (Eds.), Vertebrate Palaeontology of Australasia, Pioneer Design
Studio Pty. Ltd., Melbourne, Australia, 1991, pp. 229–245.
[24] M. Crusafont-Pairo, J. Truyols-Santonja, A biometric study of the
evolution of ﬁssiped carnivores, Evolution 10 (1956) 314–332.
[25] B. Van Valkenburgh, Carnivore dental adaptations and diet: a study of
trophic diversity within guilds, in: J.L. Gittleman (Ed.), Carnivore
Behavior, Ecology and Evolution, vol. 1, Cornell University Press,
Ithaca, NY, 1989, pp. 410–436.
[26] T. Sacco, B. Van Valkenburgh, Ecomorphological indicators of feeding
behaviour in the bears (Carnivora: Ursidae), J. Zool. 263 (2004) 41–54.
[27] M.A. Riley, An analysis of masticatory form and function in three
mustelids (Martes americana, Lutra canadensis, Enhydra lutris), J.
Mammal. 66 (1985) 519–528.
[28] T.E. Popowics, Postcanine dental form in the Mustelidae and Viverridae
(Carnivora: Mammalia), J. Mammal. 256 (2003) 322–341.
[29] S.W. Herring, Functional morphology of mammalian mastication, Am.
Zool. 33 (1993) 289–299.
[30] R. Orchardson, S.W. Cadden, Mastication, in: R.W.A. Linden (Ed.), The
Scientiﬁc Basis of Eating, Karger, Basel, 1998, pp. 76–121.
[31] R.F. Kay, K.M. Hiiemae, Jaw movement and tooth use in recent and
fossil primates, Am. J. Phys. Anthropol. 40 (1974) 227–256.
[32] W.L. Hylander, A.W. Crompton, Loading patterns and jaw movement
during the masticatory power stroke in macaques, Am. J. Phys.
Anthropol. 52 (1980) 239.
[33] C.E. Wall, C.J. Vinyard, K.R. Jolihnson, S.H. Williams, W.L. Hylander,
Phase II jaw movements and masseter muscle activity during chewing in
Papio anubis, Am. J. Phys. Anthropol. 129 (2006) 215–224.
[34] C.M. Janis, Mastication in the hyrax and its relevance to ungulate dental
evolution, Paleobiology 5 (1979) 50–59.
[35] K.M. Hiiemae, Masticatory function in mammals, J. Dent. Res. 46 (1967)
883–893.
[36] W.J. Bock, G. von Wahlert, Adaptation and the form-function complex,
Evolution 19 (1965) 269–299.
[37] P.W. Lucas, I.M. Turner, N.J. Dominy, N. Yamashita, Mechanical
defences to herbivory, Ann. Bot. 86 (2000) 913–920.
[38] K.W. Waldron, M.L. Parker, A.C. Smith, Plant cell walls and food
quality, Compr. Rev. Food Sci. Food Saf. 2 (2003) 101–119.
[39] J.F.V. Vincent, Fracture properties in plants, in: J.A. Callow (Ed.),
Advances in Botanical Research, Academic Press, 1990, pp. 235–297.
[40] S.G. Strait, Tooth use and the physical properties of foods, Evolut.
Anthropol. 5 (1998) 199–211.
[41] A.R. Evans, G.D. Sanson, The tooth of perfection: functional and spatial
constraints on mammalian tooth shape, Biol. J. Linn. Soc. 78 (2003) 173–191.
[42] P.S. Ungar, P.W. Lucas, Tooth form and function in biological anthro-
pology, in: C.S. Larsen (Ed.), A Companion to Biological Anthropology,
Wiley-Blackwell, Malden, MA, 2010.
[43] T.H. Frazzetta, The mechanics of cutting and the form of shark teeth
(Chondrichthyes, Elasmobranchii), Zoomorphology 108 (1988) 93–107.
[44] D. Archer, G. Sanson, Form and function of the selenodont molar in
southern African ruminants in relation to their feeding habits, J. Zool. 257
(2002) 13–26.
[45] T.E. Popowics, S.W. Herring, Teeth, jaws and muscles in mammalian
mastication, in: V. Bels (Ed.), Feeding in Domestic Vertebrates, CABI
Publishing, Cambridge, MA, 2006, pp. 61–83.
[46] P. Lucas, P. Constantino, B. Wood, B. Lawn, Dental enamel as a dietary
indicator in mammals, Bioessays 30 (2008) 374–385.
[47] P. Ungar, Materials science: strong teeth, strong seeds, Nature 452 (2008)
703–705.
[48] A. Braly, L.A. Darnell, A.B. Mann, M.F. Teaford, T.P. Weihs, The effect
of prism orientation on the indentation testing of human molar enamel,
Arch. Oral Biol. 52 (2007) 856–860.
[49] L.A. Darnell, M.F. Teaford, K.J. Livi, T.P. Weihs, Variations in the
mechanical properties of Alouatta palliata molar enamel, Am. J. Phys.
Anthropol. 141 (2010) 7–15.
[50] T.E. Popowics, J.M. Rensberger, S.W. Herring, The fracture behaviour of
human and pig molar cusps, Arch. Oral Biol. 46 (2001) 1–12.[51] R.F. Kay, The nut-crackers: a new theory of the adaptations of the
Ramapithecinae, Am. J. Phys. Anthropol. 55 (1981) 141–151.
[52] E.R. Dumont, Enamel thickness and dietary adaptation among extant
primates and chiropterans, J. Mammal. 76 (1995) 1127–1136.
[53] G.T. Schwartz, Taxonomic and functional aspects of the patterning of
enamel thickness distribution in extant large-bodied hominoids, Am. J.
Phys. Anthropol. 111 (2000) 221–244.
[54] M.F. Teaford, What do we know and not know about diet and enamel
structure?, in: PS. Ungar (Ed.), Evolution of the Human Diet: The
Known, the Unknown, and the Unknowable, Oxford University Press,
New York, 2007, pp. 56–76.
[55] F.C.M. Driessens, R.M.H. Verbeeck, Biominerals, CRC Press, Boca
Raton, FL, 1990.
[56] T. Sakai, M. Goldberg, S. Takuma, P.R. Garant, Cell Biology of Tooth
Enamel Formation, Functional Electron Microscopic Monographs, Kar-
ger Press, Basel, 1990.
[57] M.C. Maas, E.R. Dumont, Built to last: The structure, function, and evolution
of primate dental enamel, Evolut. Anthropol. 8 (1999) 133–152.
[58] H.U. Pfretzschner, Enamel microstructure and hypsodonty in large
mammals, in: P. Smith, E. Tchernov (Eds.), Structure, Function and
Evolution of Teeth, Freund Publishing House, London, Tel Aviv, 1992,
pp. 147–162.
[59] H.U. Pfretzschner, Biomechanik der schmelzmikrostruktur in den back-
enzähnen von großsäugern, Palaeontographica A 234 (1994) 1–88.
[60] W.v. Koenigswald, W.A. Clemens, Levels of complexity in the micro-
structure of mammalian enamel and their application in studies of
systematics, Scanning Microsc. 6 (1992) 195–218.
[61] J.M. Rensberger, Pathways to functional differentiation in mammalian
enamel, in: M.F. Teaford, M.M. Smith, M.W.J. Ferguson (Eds.),
Development, Function, and Evolution of Teeth, Cambridge University
Press, Cambridge, 2000, pp. 252–268.
[62] D. Shimizu, G.A. Macho, I.R. Spears, Effect of prism orientation and
loading direction on contact stresses in prismatic enamel of primates:
implications for interpreting wear patterns, Am. J. Phys. Anthropol. 126
(2005) 427–434.
[63] C. Ziscovici, P.W. Lucas, P.J. Constantino, T.G. Bromage, A. van
Casteren, Sea otter dental enamel is highly resistant to chipping due to its
microstructure, Biol. Lett. 10 (2014) 20140484.
[64] P.S. Ungar, F. M'Kirera, A solution to the worn tooth conundrum in
primate functional anatomy, Proc. Natl. Acad. Sci. U. S. A. 100 (2003)
3874–3877.
[65] J.M. Rensberger, Occlusion model for mastication and dental wear in
herbivorous mammals, J. Paleontol. 47 (1973) 515–528.
[66] M. Fortelius, N. Solounias, Functional characterization of ungulate
molars using the abrasion-attrition wear gradient: a new method for
reconstructing paleodiets, Am. Mus. Novit. 3301 (2000) 1–36.
[67] M.F. Teaford, A. Walker, Dental microwear in adult and still-born guinea
pigs (Cavia porcellus), Arch. Oral Biol. 28 (1983) 1077–1081.
[68] M. Fortelius, Ungulate cheek teeth: developmental, functional and
evolutionary interrelations, Acta Zool. Fenn. 180 (1985) 1–76.
[69] S.J. King, S.J. Arrigo-Nelson, S.T. Pochron, G.M. Semprebon, L.
R. Godfrey, P.C. Wright, J. Jernvall, Dental senescence in a long-lived
primate links infant survival to rainfall, Proc. Natl. Acad. Sci. U. S. A.
102 (2005) 16579–16583.
[70] J.L. Cuy, A.B. Mann, K.J. Livi, M.F. Teaford, T.P. Weihs, Nanoindenta-
tion mapping of the mechanical properties of human molar tooth enamel,
Arch. Oral Biol. 47 (2002) 281–291.
[71] J.J. Lee, D. Morris, P.J. Constantino, P.W. Lucas, T.M. Smith, B.
R. Lawn, Properties of tooth enamel in great apes, Acta Biomater. 6
(2010) 4560–4565.
[72] A. Boyde, Dependence of rate of physical erosion on orientation and
density in mineralized tissues, Anat. Embryol. 170 (1984) 57–62.
[73] M.C. Maas, A scanning electron microscopic study of in vitro abrasion of
mammalian tooth enamel under compressive loads, Arch. Oral Biol. 39
(1994) 1–11.
[74] W.G. Young, M. Mcgowan, T.J. Daley, Tooth enamel structure in the
Koala, Phascolarctos cinereus: some functional interpretations, Scanning
Microsc. 1 (1987) 1925–1934.
P.S. Ungar / Biosurface and Biotribology 1 (2015) 25–41 39[75] D. Stern, A.W. Crompton, Z. Skobe, Enamel ultrastructure and mastica-
tory function in molars of the American Opossum, Didelphis virginiana,
Zool. J. Linn. Soc. 95 (1989) 311–334.
[76] A.W. Crompton, C.B. Wood, D.N. Stern, Differential wear of enamel: a
mechanism for maintaining sharp cutting edges, in: V.L. Bels,
M. Chardon, P. Vandewalle (Eds.), Advances in Comparative and
Environmental Physiology, Volume 18. Biomechanics of Feeding in
Vertebrates, Springer-Verlag, New York, 1994, pp. 321–346.
[77] J.M. Rensberger, W.v. Koenigswald, Functional and phylogenetic inter-
pretation of enamel microstructure in rhinoceroses, Paleobiology 6 (1980)
477–495.
[78] H. Kierdorf, U. Kierdorf, A scanning electron microscopic study on the
distribution of peritubular dentine in cheek teeth of Cervidae and Suidae
(Mammalia, Artiodactyla), Anat. Embryol. 186 (1992) 319–326.
[79] R.T. Kono, Molar enamel thickness and distribution patterns in extant
great apes and humans: new insights based on a 3-dimensional whole
crown perspective, Anthropol. Sci. 112 (2004) 121–146.
[80] D. Shimizu, Functional implications of enamel thickness in the lower
molars of red colobus (Procolobus badius) and Japanese macaque
(Macaca fuscata), J. Hum. Evol. 43 (2002) 605–620.
[81] W.S. Greaves, Inference of jaw motion from tooth wear facets, J.
Paleontol. 47 (1973) 1000–1001.
[82] D.G. Gantt, J. Kappleman, R.A. Ketcham, M.E. Alder, T.H. Deahl,
Three-dimensional reconstruction of enamel thickness and volume in
humans and hominoids, Eur. J. Oral Sci. 114 (2006) 360–364.
[83] A.J. Olejniczak, P. Tafforeau, R.N.M. Feeney, L.B. Martin, Three-dimensional
primate molar enamel thickness, J. Hum. Evol. 54 (2008) 187–195.
[84] T.M. Smith, P. Tafforeau, New visions of dental tissue research: tooth
development, chemistry, and structure, Evolut. Anthropol. 17 (2008)
213–226.
[85] P.S. Ungar, M. Williamson, Exploring the effects of tooth wear on
functional morphology: a preliminary study using dental topographic
analysis, Paleontol. Electron. 3 (2000) 1–18.
[86] F. M'Kirera, P.S. Ungar, Occlusal relief changes with molar wear in Pan
troglodytes troglodytes and Gorilla gorilla gorilla, Am. J. Primatol. 60
(2003) 31–41.
[87] J.C. Dennis, P.S. Ungar, M.F. Teaford, K.E. Glander, Dental topography
and molar wear in Alouatta palliata from Costa Rica, Am. J. Phys.
Anthropol. 125 (2004) 152–161.
[88] P.S. Ungar, J.M. Bunn, Primate dental topographic analysis and func-
tional morphology, in: J.D. Irish, G.C. Nelson (Eds.), Technique and
Application in Dental Anthropology, Cambridge University Press, New
York, 2008, pp. 253–265.
[89] F.P. Cuozzo, B.R. Head, M.L. Sauther, P.S. Ungar, M.T. O'Mara,
Sources of tooth wear variation early in life among known aged wild
ring-tailed lemurs (Lemur catta) at the Bezà Mahafaly Special Reserve,
Madagascar, Am. J. Primatol. 76 (2014) 1037–1048.
[90] J.M. Bunn, P.S. Ungar, Dental topography and diets of four old world
monkey species, Am. J. Primatol. 71 (2009) 466–477.
[91] L.F. Zuccotti, M.D. Williamson, W.F. Limp, P.S. Ungar, Technical note:
modeling primate occlusal topography using geographic information
systems technology, Am. J. Phys. Anthropol. 107 (1998) 137–142.
[92] A.L. Rosenberger, W.G. Kinzey, Functional patterns of molar occlusion
in platyrrhine primates, Am. J. Phys. Anthropol. 45 (1976) 281–297.
[93] D. Seligsohn, F.S. Szalay, Relationship between natural selection and
dental morphology: Tooth function and diet in Lepilemur and Hapale-
mur, in: P.M. Butler, K.A. Joysey (Eds.), Development, Function and
Evolution of Teeth, Academic Press, New York, 1978, pp. 289–307.
[94] R.F. Kay, Functional adaptations of primate molar teeth, Am. J. Phys.
Anthropol. 43 (1975) 195–215.
[95] G. Merceron, S. Taylor, R. Scott, Y. Chaimanee, J.J. Jaeger, Dietary
characterization of the hominoid Khoratpithecus (Miocene of Thailand):
evidence from dental topographic and microwear texture analyses,
Naturwissenschaften 93 (2006) 329–333.
[96] J.M. Winchester, D.M. Boyer, E.M. Clair St, A.D. Gosselin-Ildari, S.
B. Cooke, J.A. Ledogar, Dental topography of platyrrhines and prosi-
mians: convergence and contrasts, Am. J. Phys. Anthropol. 153 (2014)
29–44.[97] J.M. Gipps, G.D. Sanson, Mastication and digestion in Pseudocheirus, in:
A.P. Smith, I.D. Hume (Eds.), Possums and Gliders, Australian Mammal
Society, Sydney, 1984, pp. 237–246.
[98] F.J. Pérez-Barbería, I.J. Gordon, The inﬂuence of molar occlusal surface
area on the voluntary intake, digestion, chewing behaviour and diet of red
deer (Cervus elaphus), J. Zool. 245 (1998) 307–316.
[99] I. Kojola, T. Helle, E. Huhta, A. Niva, Foraging conditions, tooth wear
and herbivore body reserves: a study of female reindeer, Oecologia 117
(1998) 26–30.
[100] J.M. Lanyon, G.D. Sanson, Koala (Phascolarctos cinereus) dentition
and nutrition.II. Implications of tooth wear in nutrition, J. Zool. 209
(1986) 169–181.
[101] P.S. Ungar, Reproductive ﬁtness and tooth wear: Milking as much as
possible out of dental topographic analysis, Proc. Natl. Acad. Sci. U. S.
A. 102 (2005) 16533–16534.
[102] S.H. Williams, R.F. Kay, A comparative test of adaptive explanations
for hypsodonty in ungulates and rodents, J. Mamm. Evol. 8 (2001)
207–229.
[103] B.W. Robinson, D.S. Wilson, Optimal foraging, specialization, and a
solution to Liem's paradox, Am.Nat. 151 (1998) 223–235.
[104] K.F. Liem, L.S. Kaufman, Intraspeciﬁc macroevolution: Functional
biology of the polymorphic cichlid species Cichlasoma minckleyi, in:
A.A. Echelle, I. Kornﬁeld (Eds.), Evolution of Species Flocks,
University of Maine Orono, ME, 1984.
[105] R. Wrangham, The cooking enigma, in: P.S. Ungar (Ed.), Evolution of
the Human Diet: The Known, the Unknown and the Unknowable,
Oxford University Press, New York, 2007, pp. 308–323.
[106] P.S. Ungar, Tooth form and function: Insights into adaptation through
analysis of dental microwear, in: T. Koppe, G. Meye, K.W. Alt (Eds.),
Comparative Dental Morphology, Karger, Basel, 2009, pp. 38–43.
[107] T.M. Kaiser, E. Schulz, Tooth wear gradients in zebras as an
environmental proxy — a pilot study, Mitt. Hambg. Zool. Mus. Inst.
103 (2006) 187–210.
[108] M.O. Kubo, E. Yamada, The inter-relationship between dietary and
environmental properties and tooth wear: comparisons of mesowear,
molar wear rate, and hypsodonty index of extant sika deer populations,
PLOS One 9 (2014) e90745.
[109] T.E. Popowics, M. Fortelius, On the cutting edge: tooth blade sharpness
in herbivorous and faunivorous mammals, Ann. Zool. Fenn. 34 (1997)
73–88.
[110] T.M. Kaiser, N. Solounias, Extending the tooth mesowear method to
extinct and extant equids, Geodiversitas 25 (2003) 321–345.
[111] B.W. Schubert, Dental mesowear and the paleodiets of bovids from
Makapansgat Limeworks Cave, South Africa, Palaeontol. Afr. 42 (2007)
43–50.
[112] K. Butler, J. Louys, K. Travouillon, Extending dental mesowear
analyses to Australian marsupials, with applications to six Plio-
Pleistocene kangaroos from southeast Queensland, Palaeogeogr. Palaeo-
climatol. Palaeoecol. 408 (2014) 11–25.
[113] M.F. Teaford, P.S. Ungar, F.E. Grine, Dental microwear and paleoecol-
ogy, in: M. Sponheimer, J.A. Lee-Thorp, K.E. Reed, P.S. Ungar (Eds.),
Early Hominin Paleoecology, University of Colorado Press, Boulder,
CO, 2013, pp. 251–280.
[114] P.S. Ungar, Dental microwear analysis, Beer-N-Bones 6 (2011) 9–13.
[115] J.R.E. Mills, Ideal dental occlusion in primates, Dent. Pract. 6 (1955)
47–51.
[116] G. Baker, L.H.P. Jones, I.D. Wardrop, Cause of wear in sheeps teeth,
Nature 184 (1959) 1583–1584.
[117] D. Rabenold, O.M. Pearson, Scratching the surface: a critique of Lucas
et al. (2013)’s conclusion that phytoliths do not abrade enamel, J. Hum.
Evol. 74 (2014) 130–133.
[118] A.A. Dahlberg, W. Kinzey, Étude microscopique de l'abrasion et de
l'attrition sur la surface des dents, Bull. Groupe Int. Rech. Sci. Stomatol.
5 (1962) 242–251.
[119] J.M. Rensberger, Scanning electron microscopy and occlusal events in
some small herbivores, in: P.M. Butler, K.A. Joysey (Eds.), Develop-
ment, Function, and Evolution of Teeth, Academic Press, New York,
1978, pp. 415–438.
P.S. Ungar / Biosurface and Biotribology 1 (2015) 25–4140[120] A. Walker, H.N. Hoeck, L. Perez, Microwear of mammalian teeth as an
indicator of diet, Science 201 (1978) 908–910.
[121] F.E. Grine, Analysis of early hominid deciduous molar wear by
scanning electron microscopy: a preliminary report, Proc. Electron
Microsc. Soc. S. Afr. 7 (1977) 157–158.
[122] F.E. Grine, Trophic differences between ‘gracile’ and ‘robust’ australo-
pithecines: a scanning electron microcope analysis of occlusal events, S.
Afr. J. Sci. 77 (1981) 203–230.
[123] F.E. Grine, Dental evidence for dietary differences in Australopithecus
and Paranthropus: A quantitative analysis of permanent molar micro-
wear, J. Hum. Evol. 15 (1986) 783–822.
[124] P.F. Puech, A. Prone, Mechanical process of dental wearing down by
abrasion, reproduced by experimentation and applied to fossil man and
his paleoecological surroundings, C. R. Hebd. Seances Acad. Sci. Ser. D
289 (1979) 895.
[125] P.F. Puech, A. Prone, H. Albertini, Mechanical process of dental surface
alteration by non-abrasive and non-adhesive friction, reproduced by
experimentation and applied to the diet of early man, C. R. Acad. Sci.
Ser. II 293 (1981) 729–734.
[126] P.F. Puech, H. Albertini, C. Serratrice, Tooth microwear and dietary
patterns in early hominids from Laetoli, Hadar and Olduvai, J. Hum.
Evol. 12 (1983) 721–729.
[127] A. Walker, Dietary hypotheses and human evolution, Philos. Trans. R.
Soc. Lond. Ser. B—Biol. Sci. 292 (1981) 57–64.
[128] A.S. Ryan, Anterior Dental Microwear in Hominid Evolution: Compar-
isons with Human and Nonhuman Primates, University of Michigan,
Ann Arbor, 1980.
[129] A.S. Ryan, D.C. Johanson, Anterior dental microwear in Australopithe-
cus afarensis: comparisons with human and nonhuman primates, J.
Hum. Evol. 18 (1989) 235–268.
[130] H.H. Covert, R.F. Kay, Dental microwear and diet: implications for
determining the feeding behaviors of extinct primates, with a comment
on the dietary pattern of Sivapithecus, Am. J. Phys. Anthropol. 55
(1981) 331–336.
[131] C.R. Peters, Electron-optical microscopic study of incipient dental
microdamage from experimental seed and bone crushing, Am. J. Phys.
Anthropol. 57 (1982) 283–301.
[132] R.F. Kay, H.H. Covert, True grit: a microwear experiment, Am. J. Phys.
Anthropol. 61 (1983) 33–38.
[133] K.D. Gordon, A.C. Walker, Playing ‘possum: a microwear experiment,
Am. J. Phys. Anthropol. 60 (1983) 109–112.
[134] K.D. Gordon, A study of microwear on chimpanzee molars: implica-
tions for dental microwear analysis, Am. J. Phys. Anthropol. 59 (1982)
195–215.
[135] K.D. Gordon, Hominoid dental microwear: complications in the use of
microwear analysis to detect diet, J. Dent. Res. 63 (1984) 1043–1046.
[136] K.D. Gordon, A review of methodology and quantiﬁcation in dental
microwear analysis, Scanning Microsc. 2 (1988) 1139–1147.
[137] K.L. Krueger, J.R. Scott, P.S. Ungar, Technical note: dental microwear
textures of Phase I and Phase II facets, Am. J. Phys. Anthropol. 137 (2008)
485–490.
[138] M.F. Teaford, A. Walker, Quantitative differences in dental microwear
between primate species with different diets and a comment on the
presumed diet of Sivapithecus, Am. J. Phys. Anthropol. 64 (1984)
191–200.
[139] I.L. Gügel, G. Grupe, K.H. Kunzelmann, Simulation of dental micro-
wear: characteristic traces by opal phytoliths give clues to ancient
human dietary behavior, Am. J. Phys. Anthropol. 114 (2001) 124–138.
[140] M.F. Teaford, Molar microwear and diet in the genus Cebus, Am. J.
Phys. Anthropol. 66 (1985) 363–370.
[141] M.F. Teaford, Dental microwear and diet in two species of Colobus, Int.
J. Primatol. 5 (1984) 386.
[142] M.F. Teaford, K.E. Glander, Dental microwear in live, wild-trapped
Alouatta palliata from Costa Rica, Am. J. Phys. Anthropol. 85 (1991)
313–319.
[143] M.F. Teaford, K.E. Glander, Dental microwear and diet in a wild
population of mantled howling monkeys (Alouatta palliata), in: M.
A. Norconk, A.L. Rosenberger, P.A. Garber (Eds.), AdaptiveRadiations of Neotropical Primates, Plenum Press, New York, 1996, pp.
433–449.
[144] M.F. Teaford, O.J. Oyen, Dental microwear in vervets raised on
different diets, J. Dent. Res. 65 (1986) 278.
[145] P.S. Ungar, Patterns of ingestive behavior and anterior tooth use
differences in sympatric anthropoid primates, Am. J. Phys. Anthropol.
95 (1994) 197–219.
[146] P.S. Ungar, Incisor microwear and feeding behavior in Alouatta
seniculus and Cebus olivaceus, Am. J. Primatol. 20 (1990) 43–50.
[147] L.A.C. Hayek, R.L. Bernor, N. Solounias, P. Steigerwald, Preliminary
studies of hipparionine horse diet as measured by tooth microwear, Ann.
Zool. Fenn. 28 (1991) 187–200.
[148] N. Solounias, L.A.C. Hayek, New methods of tooth microwear analysis
and application to dietary determination of two extinct antelopes, J.
Zool. 229 (1993) 421–445.
[149] F. Rivals, G.M. Semprebon, A comparison of the dietary habits of a
large sample of the Pleistocene pronghorn Stockoceros onusrosagris
from the Papago Springs Cave in Arizona to the modern Antilocapra
americana, J. Vertebr. Paleontol. 26 (2006) 495–500.
[150] S.G. Strait, Molar microwear in extant small-bodied faunivorous
mammals: an analysis of feature density and pit frequency, Am. J.
Phys. Anthropol. 92 (1993) 63–79.
[151] M.T. Silcox, M.F. Teaford, The diet of worms: an analysis of mole
dental microwear, J. Mammal. 83 (2002) 804–814.
[152] J. Ward, I.L. Mainland, Microwear in modern rooting and stall-fed pigs:
the potential of dental microwear analysis for exploring pig diet and
management in the past, Environ. Archaeol. 4 (1999) 25–32.
[153] I.L. Mainland, Dental microwear and diet in domestic sheep (Ovis aries)
and goats (Capra hircus): distinguishing grazing and fodder-fed
ovicaprids using a quantitative analytical approach, J. Archaeol. Sci.
25 (1998) 1259–1271.
[154] S.K. Robson, W.G. Young, Tooth microwear of Thylacinus cynoce-
phalus and Sarcophilus harrisii, J. Dent. Res. 65 (1986) 483.
[155] B. Van Valkenburgh, M.F. Teaford, A. Walker, Molar microwear and
diet in large carnivores: Inferences concerning diet in the sabretooth cat,
Smilodon fatalis, J. Zool. 222 (1990) 319–340.
[156] N. Solounias, G. Semprebon, Advances in the reconstruction of ungulate
ecomorphology with application to early fossil equids, Am. Mus. Novit.
3366 (2002) 1–49.
[157] G. Merceron, C. Blondel, M. Brunet, S. Sen, N. Solounias, L. Viriot,
E. Heintz, The Late Miocene paleoenvironment of Afghanistan as
inferred from dental microwear in artiodactyls, Palaeogeogr. Palaeocli-
matol. Palaeoecol. 207 (2004) 143–163.
[158] F.E. Grine, P.S. Ungar, M.F. Teaford, Error rates in dental microwear
quantiﬁcation using scanning electron microscopy, Scanning 24 (2002)
144–153.
[159] N. Solounias, M. Teaford, A. Walker, Interpreting the diet of extinct
ruminants: the case of a non-browsing girafﬁd, Paleobiology 14 (1988)
287–300.
[160] P.S. Ungar, J.C. Simon, J.W. Cooper, A semiautomated image-analysis
procedure for the quantiﬁcation of dental microwear II, Scanning 13
(1991) 31–36.
[161] P.S. Ungar, C.A. Brown, T.S. Bergstrom, A. Walker, Quantiﬁcation of
dental microwear by tandem scanning confocal microscopy and scale-
sensitive fractal analyses, Scanning 25 (2003) 185–193.
[162] R.S. Scott, P.S. Ungar, T.S. Bergstrom, C.A. Brown, B.E. Childs, M.
F. Teaford, A. Walker, Dental microwear texture analysis: technical
considerations, J. Hum. Evol. 51 (2006) 339–349.
[163] C.A. Brown, S. Siegmann, Fundamental scales of adhesion and area-
scale fractal analysis, Int. J. Mach. Tool Manuf. 41 (2001) 1927–1933.
[164] K. Articus, C.A. Brown, K.P. Wilhelm, Scale-sensitive fractal analysis
using the patchwork method for the assessment of skin roughness, Skin
Res. Technol. 7 (2001) 164–167.
[165] F. Pedreschi, J.M. Aguilera, C.A. Brown, Characterization of food
surfaces using scale-sensitive fractal analysis, J. Food Process. Eng. 23
(2000) 127–143.
[166] P.S. Ungar, R.S. Scott, J.R. Scott, M.F. Teaford, Dental microwear
analysis: historical perspectives and new approaches, in: J.D. Irish, G.
P.S. Ungar / Biosurface and Biotribology 1 (2015) 25–41 41C. Nelson (Eds.), Dental Anthropology, Cambridge University Press,
Cambridge, 2007.
[167] M.A. Purnell, N. Crumpton, P.G. Gill, G. Jones, E.J. Rayﬁeld, Within-
guild dietary discrimination from 3-D textural analysis of tooth micro-
wear in insectivorous mammals, J. Zool. 291 (2013) 249–257.
[168] E. Schulz, I. Calandra, T.M. Kaiser, Applying tribology to teeth of
hoofed mammals, Scanning 32 (2010) 162–182.
[169] E. Schulz, V. Piotrowski, M. Clauss, M. Mau, G. Merceron, T.
M. Kaiser, Dietary abrasiveness is associated with variability of micro-
wear and dental surface texture in rabbits, PLOS One 8 (2013) e56167.
[170] C.B. Withnell, P.S. Ungar, A preliminary analysis of dental microwear
as a proxy for diet and habitat in shrews, Mammalia 78 (2014) 409–415.
[171] P.S. Ungar, G. Merceron, R.S. Scott, Dental microwear texture analysis
of Varswater bovids and early Pliocene paleoenvironments of Lange-
baanweg, Western Cape Province, South Africa, J. Mamm. Evol. 14
(2007) 163–181.
[172] J.R. Scott, Dental microwear texture analysis of extant African Bovidae,
Mammalia 76 (2012) 157–174.
[173] P.S. Ungar, J.R. Scott, K.P. McNulty, W.E.H. Harcourt-Smith,
T. Lehmann, H.M. Dunsworth, Environments of early Miocene Rusinga
Island and Songhor: evidence from the dental microwear of tragulids,
Am. J. Phys. Anthropol. 147 (2012) 289–290.
[174] S.L. Donohue, L.R.G. DeSantis, B.W. Schubert, P.S. Ungar, Was the
giant short-faced bear a hyper-xcavenger? A new approach to the dietary
study of ursids using dental microwear textures, PLOS One 8 (2013).
[175] R.J. Haupt, L.R.G. DeSantis, J.L. Green, P.S. Ungar, Dental microwear
texture as a proxy for diet in xenarthrans, J. Mammal. 94 (2013)
856–866.
[176] B.W. Schubert, P.S. Ungar, L.R.G. DeSantis, Carnassial microwear and
dietary behaviour in large carnivorans, J. Zool. 280 (2010) 257–263.
[177] P.S. Ungar, J.R. Scott, B.W. Schubert, D.D. Stynder, Carnivoran dental
microwear textures: Comparability of carnassial facets and functional
differentiation of postcanine teeth, Mammalia 74 (2010) 219–224.
[178] L.R. Desantis, B.W. Schubert, J.R. Scott, P.S. Ungar, Times not so
tough at La Brea: Dental microwear texture analysis clariﬁes the feeding
behavior of the saber-toothed cat, Smilodon Fatalis, and american lion,
Panthera Atrox, J. Vertebr. Paleontol. 32 (2012) 86–87.
[179] D.D. Stynder, P.S. Ungar, J.R. Scott, B.W. Schubert, A dental micro-
wear texture analysis of the Mio-Pliocene hyaenids from Langebaan-
weg, South Africa, Acta Palaeontol. Pol. 57 (2012) 485–496.
[180] G.J. Prideaux, L.K. Ayliffe, L.R.G. DeSantis, B.W. Schubert, P.
F. Murray, M.K. Gagan, T.E. Cerling, Extinction implications of a
chenopod browse diet for a giant Pleistocene kangaroo, Proc. Natl.
Acad. Sci. U. S. A. 106 (2009) 11646–11650.
[181] W. Kovalevsky, Sur l'Anchitherium aurelianense Cuv. et sur l'histoire
pale´ontologique des chevaux, Mem. Acad. Imp. Sci. St. Petersbg., Ser.
7 (20) (1873) 1–73.
[182] H.F. Osborn, The Age of Mammals: In Europe, Asia, and North
America, New York, The Macmillan Company, 1910.
[183] J.C. Merriam, Tertiary Vertebrate Fauna From the Cedar Mountain
Region of Western Nevada, 9, University of California Publications,
Department of Geological Sciences Bulletin, Berkeley, 1916, p.
161–198.
[184] W.D. Matthew, The evolution of the horse: a record and its interpreta-
tion, Q. Rev. Biol. 1 (1926) 139–185.
[185] D.R. Piperno, Phytoliths: A Comprehensive Guide for Archaeologists
and Paleoecologists, Alta Mira Press, Oxford, 2006.
[186] S.J. McNaughton, J.L. Tarrants, M.M. McNaughton, R.H. Davis, Silica
as a defense against herbivory and a growth promotor in African
grasses, Ecology 66 (1985) 528–535.
[187] S.J. Mcnaughton, J.L. Tarrants, Grass leaf siliciﬁcation: natural-selection
for an inducible defense against herbivores, Proc. Natl. Acad. Sci. U. S.
A.—Biol. Sci. 80 (1983) 790–791.
[188] H.U. Galimuhtasib, C.C. Smith, J.J. Higgins, The effect of silica in
grasses on the feeding-behavior of the prairie vole, Microtus ochroga-
ster, Ecology 73 (1992) 1724–1729.[189] M. Vicari, D.R. Bazely, Do grasses ﬁght back: the case for antiherbivore
defences, Trends Ecol. Evol. 8 (1993) 137–141.
[190] F.P. Massey, S.E. Hartley, Experimental demonstration of the anti-
herbivore effects of silica in grasses: impacts on foliage digestibility and
vole growth rates, Proc. Biol. Sci. 273 (2006) 2299–2304.
[191] F.P. Massey, A.R. Ennos, S.E. Hartley, Herbivore speciﬁc induction of
silica-based plant defences, Oecologia 152 (2007) 677–683.
[192] C.L. Fox, A. Perezperez, J. Juan, Dietary information through the
examination of plant phytoliths on the enamel surface of human
dentition, J. Archaeol. Sci. 21 (1994) 29–34.
[193] C.L. Fox, J. Juan, R.M. Albert, Phytolith analysis on dental calculus,
enamel surface, and burial soil: Information about diet and paleoenvir-
onment, Am. J. Phys. Anthropol. 101 (1996) 101–113.
[194] D. Rabenold, O.M. Pearson, Abrasive, silica phytoliths and the
evolution of thick molar enamel in primates, with implications for the
diet of Paranthropus boisei, PLOS One 6 (2011) e28379.
[195] M.O. Kubo, E. Yamada, The inter-relationship between dietary and
environmental properties and tooth wear: comparisons of mesowear,
molar wear rate, and hypsodonty index of extant Sika deer populations,
PLOS One 9 (2014) e90745.
[196] B.J. MacFadden, T.E. Cerling, Fossil horses, carbon isotopes and global
change, Trends Ecol. Evol. 9 (1994) 481–486.
[197] B.J. MacFadden, Origin and evolution of the grazing guild in New
World terrestrial mammals, Trends Ecol. Evol. 12 (1997) 182–187.
[198] C.A.E. Strömberg, The origin and spread of grass-dominated ecosys-
tems in the late Tertiary of North America: preliminary results
concerning the evolution of hypsodonty, Palaeogeogr. Palaeoclimatol.
Palaeoecol. 177 (2002) 59–75.
[199] C.A.E. Strömberg, Evolution of hypsodonty in equids: testing a
hypothesis of adaptation, Paleobiology 32 (2006) 236–258.
[200] H. Axmacher, R.R. Hofmann, Morphological characteristics of the
masseter muscle of 22 ruminant species, J. Zool. 215 (1988) 463–473.
[201] G.D. Sanson, S.A. Kerr, K.A. Gross, So silica phytoliths really wear
mammalian teeth?, J Archaeol. Sci. 34 (2007) 526–531.
[202] K.L. Erickson, Prarie grass phytolith hardness and the evolution of
ungulate hypsodonty, Hist. Biol. 26 (2014) 737–744.
[203] P.W. Lucas, R. Omar, K. Al-Fadhalah, A.S. Almusallam, A.G. Henry,
S. Michael, L.A. Thai, J. Watzke, D.S. Strait, A.G. Atkins, Mechanisms
and causes of wear in tooth enamel: implications for hominin diets, J. R.
Soc. Interface 10 (2013) 20120923.
[204] C.M. Janis, M. Fortelius, On the means whereby mammals achieve
increased functional durability of their dentitions, with special reference
to limiting factors, Biol. Rev. 63 (1988) 197–230.
[205] M. Fortelius, J. Eronen, J. Jernvall, L.P. Liu, D. Pushkina, J. Rinne,
A. Tesakov, I. Vislobokova, Z.Q. Zhang, L.P. Zhou, Fossil mammals
resolve regional patterns of Eurasian climate change over 20 million
years, Evol. Ecol. Res. 4 (2002) 1005–1016.
[206] M. Mendoza, P. Palmqvist, Hypsodonty in ungulates: an adaptation for
grass consumption or for foraging in open habitat?, J Zool. 274 (2008)
134–142.
[207] J. Damuth, C.M. Janis, On the relationship between hypsodonty and
feeding ecology in ungulate mammals, and its utility in palaeoecology,
Biol. Rev. Camb. Philos. Soc. 86 (2011) 733–758.
[208] J.W. Hunt, A.P. Dean, R.E. Webster, G.N. Johnson, A.R. Ennos, A
novel mechanism by which silica defends grasses against herbivory,
Ann. Bot. 102 (2008) 653–656.
[209] P.W. Lucas, A. van Casteren, K. Al-Fadhalah, A.S. Almusallam, A.
G. Henry, S. Michael, J. Watzke, D.A. Reed, T.G.H. Diekwisch, D.
S. Strait, A.G. Atkins, The role of dust, grit and phytoliths in tooth wear,
Ann. Zool. Fenn. 51 (2014) 143–152.
[210] K.F. Liem, Adaptive signiﬁcance of intra- and interspeciﬁc differences
in the feeding repertoires of cichlid ﬁshes, Int. Comp. Biol. 20 (1980)
295–314.
